where r is the solvation expressed on a weight basis. The specific volume of the solvated water, VH1O , is taken to be one, and VDNA is the extrapolated specific volume of CsDNA at a,, = 0. 18 Serra, J. A., Encyclopedia of Plant Physiology (Berlin: Springer-Verlag, 1955), pp. 472-499. '9 T'so, P., and R. Squires, Federation Proc., 18, 341 (1959) .
TYPES AND FREQUENCIES OF HUMAN CHROMOSOME ABERRATIONS
INDUCED BY X-RAYS*
BY ERNEST H. Y. CHU,t NORMAN H. GILES, AND KARi PASSANO DEPARTMENT OF BOTANY, J. W. GIBBS RESEARCH LABORATORIES, YALE UNIVERSITY
Communicated by Edmund W. Sinnott, April 10, 1961 In spite of widespread concern over the genetic hazards to human populations of ionizing radiations, relatively few quantitative data based on direct determinations of the genetic effects of radiations on human beings are as yet available. The difficulties inherent in genetic studies with individuals or populations exposed to ionizing radiations is evident in the reports of Neel and Schull' dealing with the Japanese populations exposed at Hiroshima and Nagasaki. Hence, alternative approaches to this problem seem highly desirable. One such approach is now possible as a result of recent advances in mammalian tissue and cell culture techniques. These advances make possible the initiation, prolonged maintenance with active growth, and effective chromosomal study of normal euploid human cell cultures. Thus, these developments have made available experimental material suitable for studies of radiation-induced aberrations in human chromosomes.
The present paper is concerned with qualitative and quantitative analyses of X-ray-induced aberrations. Previous to the initiation of radiation studies, considerable time was devoted to the development of suitable cytological and culturing techniques. In particular, such studies made possible the construction of a detailed idiogram of the human karyotype,2 which facilitates the recognition of individual chromosomes. This information has proved to be essential for the accurate analysis of radiation-induced aberrations, as will be discussed in more detail in this paper.
Related investigations of radiation effects on human cells and chromosomes have been performed by Puck and his associates,3' 4 and by Bender.5' 6 The former investigators have determined X-ray survival curves of single human cells having either normal or heteroploid karyotypes. Puck4 has also attempted to correlate his determination (with cultured human euploid cells) of the mean lethal dosage for colony formation with the mean dose required to produce chromosome abnormalities. Lindsten7 and Fraccaro8 have published preliminary reports on their collaborative study of radiation-induced post-metaphase aberrations in normal human diploid cells in culture. Brief reports of the present studies have also appeared previously. 9 10
Materials and Methods.-In the present experiments, euploid human somatic cell lines in culture were employed. These cultured materials included some epithelioid cells derived by kidney biopsy from a 21-year-old woman but were principally fibroblast-like cells from a number of different sources: skin-muscle tissues of a 2-month old fetus, a 0.5 mm-long aborted total fetus and prepuce biopsies from several newborn children.
General methods of cell culture and cytological examination have been described previously.2 The only modification of culturing technique has been the use, in recent experiments, of a fetal calf serum-supplemented medium described by Puck and his associates.1I IIi qrtain experiments, cell lines were used which had been maintained as actively proliferating cultures of diploid constitution for 4 to 6 months, although most experiments were performed on cultures within a few weeks after initial biopsy.
For purposes of irradiation, 1 ml of a suspension containing from 1 to 3 x 105 cells was inoculated into depression test tubes (Leighton tubes) holding removable, clean, sterile 30 x 11 mm cover slips, and incubated at 370C for 24 hours or more before treatment. During X-irradiation, these tubes were placed with the cover slip side (cell layer side) up in a specially designed constant temperature chamber mounted'on an adjustable turntable on casters. A constant temperature (370C) equivalent to normal human body temperature was maintained before, during, and after irradiation, except for the short time required for handling the tubes and for medium changes.
Experimental and control tubes received identical treatment except for the specific radiation exposures. After irradiation, the nutrient medium in all tubes, including the control series, was immediately replaced with fresh pre-warmed solution.
Radiation doses were administered with a General Electric Maxitron operated at 250 kv. Amperage was varied from 3.75 to 30 ma. Filtration consisted of 1 mm of aluminum, and 3 mm of the plexiglass cover forming the top of the constant temperature chamber. A constant exposure time of one minute was maintained for all doses; different doses were administered by varying the amperage and/or distance from target. Dosageswere checked with a recently calibrated Victoreen 100 r thimble ionization chamber before each experiment, and at regular intervals during each experiment. In order to measure as accurately as possible the actual doses received by the cells the chamber was placed inside the Pyrex glass Leighton tubes.
Preliminary experiments had helped to determine the desirable time intervals between irradiation and cell fixation, colchicine concentration and length of treatment, method of cytological preparation, etc. In general, with the present dose-range from 0 to 100 r, cells were fixed at intervals of 18, 25, 30, 42, and 67 hours after irradiation. A final concentration of 2.5 x 10^M colchicine solution was added to all culture tubes from 8 to 15 hours before fixation. Hypotonic saline pretreatment was employed to spread chromosomes. Slides for aberration analysis were prepared by the aceto-orcein method.
The effect of X rays in inhibiting mitosis was determined by counting the number of cells at metaphase in both the control and treated series at different intervals following irradiation. No systematic attempt has been made to determine the relative sensitivity of various mitotic stages to X rays. The estimates of mitotic activities are based on a random sampling of more than 2000 cells from two separate replicate cultures in each experimental series.
In scoring aberrations, only intact euploid cells were utilized in which all 46 chromosomes (or 46 centromeres with the expected number of accompanying acentric fragments) could be accounted for. The necessity for a thorough acquaintance with the normal complement soon becomes apparent in attempting accurate analyses of cells with many relatively small (1.5 to 10 ,s long) chromosomes. In many instances, a decision as to the type of aberration present is possible only following the identification of certain specific chromosomes of the normal complement. In the present studies, detailed free-hand drawings were made of every cell analysed and each analysis was later confirmed by consultations involving two and often three different observers. 25-, 42-, and 67-hour series, 3 experiments for the 18-hour series and one experiment only for the 6-hour series. It is evident that the degree of mitotic inhibition is proportional to the dose and that initial inhibition is followed by gradual recovery with time. These data also indicate that at 67 hours after irradiation, recovery is not complete even at the lowest dose of 25 r. Furthermore, a dose higher than 100 r can inhibit mitotic activity so severely that metaphase configurations become too few for an efficient analysis of aberrations. Although these results are preliminary and more information is necessary before any definitive conclusions may be drawn, the present information on inhibition has proved useful in planning and evaluating the experiments on dosage response curves. Types of Aberrations and Their Temporal Distribution.-The presently available data from 18 different experiments are presented in Table 1 . Cell cultures originat- Qualitatively, these studies indicate clearly that the types of aberrations induced by irradiation of human somatic chromosomes are the same as those found in For chromatid types, only terminal deletions, isochromatid breaks and the various kinds of inter-and intra-changes were scored. The classification of socalled "achromatic lesions" is ambiguous, since their detection depends, among other things, on the stage of cell division, the distribution of eu-and heterochromatic regions in the chromosomes, and staining reactions. Since many so-called achromatic lesions are not complete breaks, and all degrees of intergradation appear to exist, these lesions were not included in scoring. In the category of chromosome aberrations the following types have been scored: terminal deletions, interstitial deletions, and exchanges such as rings, and dicentrics.
Spontaneous Aberrations.-The frequency of spontaneous chromosome aberrations appears surprisingly high, with an average of 0.1 aberration per cell in all postirradiation periods (Table 2 ). This frequency is about 10 times higher than that reported by Bender' but about one-half of that reported by Puck.4 Almost all aberrations of spontaneous origin were chromatid deletions and isochromatid types, the only exception being two instances of chromatid exchanges in two cells out of 420 control cells examined. No aberrations of the chromosome category have been observed in untreated cells. The occurrence of exclusively chromatid aberrations in untreated cells is similar to those reported in Tradescantia,14 in Chinese hamster embryonic fibroblasts6 15 and mouse embryonic cells'6 in culture, and probably in two cell lines of rat sarcoma. 17 Frequencies of Induced Aberrations. -The quantitative data obtained in the present experiments also permit certain conclusions to be drawn concerning doseeffect relationships. The most extensive and reliable data to date are those from the analyses made at 25 hours after irradiation, at which time aberrations are almost all (95.8%) chromatid types. The data for chromatid aberrations at this period are summarized in Table 1 and plotted graphically in Figure 3 . Results of one analysis made at 42 hours after irradiation show that 83.2 per cent of aberrations are of chromosomal type. The data for chromosome aberrations at this time period are also given in Table 1 and plotted in Figure 4 .
The present quantitative determinations indicate that for both chromatid and chromosome aberrations two major kinds of dose-effect relationships exist. In general, terminal deletions increase linearly with dose, isochromatid breaks consist of both linear and quadratic terms, whereas exchanges exhibit an exponential relationship compatible with a two hit curve.
Discussion.-The present studies indicate that the effects of ionizing radiation in producing aberrations in human chromosomes in tissue-culture cells are fundamentally similar, both qualitatively and quantitatively, to those observed in comparable studies with other cells-both animal and plant. The same two major categories of aberrations, chromatid and chromosome, are observed and these exhibit a similar temporal sequence to that observed previously, i.e., chromatid types constitute the only category observed in the first cells entering metaphase following irradiation with chromosome types appearing at later periods after irradiation. The dose-frequency relationships are, in general, also similar to those observed in other cells such as Tradescantia microspores. Two distinct types of curves have been found: those in which aberration frequencies increase linearly with dose (for both chromatic and chromosome terminal deletions) and those in which aberration frequencies increase approximately as the square of the dose (for both chromatid and chromosome exchanges). The former relationship is expected to hold for aberrations arising as a result of single events (hits), while the latter should hold for those resulting from two separate events (hits) when the time of irradiation is kept constant, as was done in the present experiments. The dose-frequency relationship observed with exchanges strongly implies the existence of an intensity effect in the production by radiation of this type of aberration in human chromosomes, although proof of such an effect would require additional experimental evidence.
The data obtained in these experiments also suggest that the majority of both isochromatid aberrations and chromosome interstitial deletions are the result of two hits. The existence of an appreciable two-hit component in the origin of both these types is well established in Tradescantia.'8' 19 The present experiments clearly indicate the existence of marked variations in the radiosensitivity of human chromosomes during the mitotic cycle on the basis of observed variations in the frequencies of induced aberrations. This evidence PROC. N. A. S. is summarized graphically in Figure 5 (based on data in Table 1 ), in which aberration frequencies per cell per roentgen (average of all doses) are plotted against postirradiation period (expressed as hours after exposure at which cells have been fixed and scored). The graph indicates the initial presence of only chromatid types which decrease rapidly in frequency and are eventually replaced by only chromosome types. A pool of the combined frequencies of all aberration types indicates a fivefold decrease in radiosensitivity during the postirradiation period studied. In general, these results agree well with previous studies on variations in the radiosensitivity of cells during the mitotic cycle in demonstrating a much higher frequency of aberrations in cells irradiated after chromosome duplication (which are the first cells to enter metaphase after irradiation and contain only chromatid aberrations) as compared with cells irradiated during the interphase period when the chromosomes are effectively single and only chromosome aberrations are produced.
Observations made in connection with these studies of radiation-induced aberrations also indicate a pronounced effect of X rays in inhibiting mitosis in human cells. The possibility that such inhibition effects may complicate interpretations of variations in radiosensitivity as well as of dose-aberration frequency relationships must be kept in mind. There is some evidence in the present studies that the period of maximum sensitivity to radiation (as judged by total aberration frequencies) is dose dependent, suggesting the possibility that cells exposed to higher doses (and having higher aberration frequencies) may be relatively more delayed in entering metaphase. Such an effect could distort comparisons based on cells exposed to different doses but fixed and scored at a constant time period after irradiation. However, if this effect is pronounced, it should be reflected in a dosedependent transition from chromatid to chromosome aberration types, such that the appearance of chromosome types should be markedly delayed in cells exposed to higher doses. Since no such effect is observed in the present studies, it appears appropriate to compare the effects of different doses at the same time period after irradiation.
The quantitative data obtained in these experiments can be used to estimate the sensitivity of human chromosomes to ionizing radiation-a major goal of these studies. This sensitivity may be expressed in various ways, e.g., in terms of aberrations per cell (or per chromosome) per roentgen, or of breaks per cell (or per chromosome) per roentgen. It has been shown (Fig. 5) that the most radiosensitive period of the cell comes after the chromosomes are effectively split. Under the experimental conditions, these cells were fixed at 18 hours. At this period the aberration frequency per cell per roentgen was calculated to be 0.02, about 5 times higher than in cells at interphase which were fixed at 67 hours after irradiation. the other hand, observed that the "spontaneous" aberration frequency was lower in lung (0.6-0.9%) than in brain cultures (1.5-3.0%). Their primary brain cultures constantly displayed two types of cells whereas the primary iung cultures displayed mostly fibroblast-like morphology. In the present study, about 10 per cent of cells were epithelioid, derived from kidney biopsy. No significant difference in radiosensitivity was observed among cell types. Additional comparative studies of different cell types would appear necessary to clarify the situation.
Finally, the question whether or not human chromosomes are more radiosensitive than those in other organisms may be considered. When the coefficient of The coefficient of chromosome aberration production by X rays in human somatic cells is shown to be not significantly different from that in certain plant cells. This conclusion supports the view that the mechanics of chromosome aberration production by radiation are similar in both plant and mammalian cells. However, this result cannot be taken to mean that radiosensitivity-in terms of genetic damage, mutation production, and cell killing-is necessarily the same in plant and mammalian, especially human, cells. Many microbial systems of inducible and repressible enzyme synthesis are known. 1-4 A few examples of inductive and repressive effects have been described in cells of higher organisms in tissue culture.'-9 In most of these cases, the difference between maximum activity, induced or repressed, and control activity is not very great. The present communication describes the induction in established cultures of human skin fibroblasts of alkaline phosphatase activity (presumably via enzyme synthesis) by putative substrates of the enzyme. An advantage of this alkaline phosphatase system is that cells grown in the absence of inducer have little or no detectable enzyme activity, while induced cultures show very substantial activity, 30 to 50 fold greater than the minimum detectable by our methods.
INDUCTION OF ALKALINE PHOSPHATASE BY SUBSTRATES
That alkaline phosphatase synthesis in homeotherm cells might be based on an inducer-repressor system is suggested by embryological evidence.10 11 During early embryonic development in the chicken, all cells contain alkaline phosphatase. 10 Enzyme activity decreases in most tissues to undetectable levels during the intermediate stages of development. Later, it reappears in the organs and tissues which in the adult normally contain the enzyme.'0,l These include the intestinal epithelium, proximal tubule of the kidney, osteoblasts, granulocytes, liver cells, and a few others. However, the enzyme is "absent" in most other tissues such as the fibroblasts of the skin, though it may appear under special circumstances, such as healing skin wounds, and in certain tumors derived from tissues which do not otherwise show it. [12] [13] [14] The presence of alkaline phosphatase activity in all cells of the early embryo
